GLUT12 is a member of the facilitative family of glucose transporters. The goal of this 19 study was to characterize the functional properties of GLUT12, expressed in Xenopus 20 laevis oocytes, using radiotracer and electrophysiological methods. Our results showed 21 that GLUT12 is a facilitative sugar transporter with substrate selectivity: D-glucose≥α-22
was transported through GLUT12 at a higher rate (40%) than non-injected oocytes, 26
indicating that there is a Na + -leak through GLUT12. Genistein, an inhibitor of GLUT1, 27 also inhibited sugar uptake by GLUT12. Glucose uptake was increased by the PKA 28 activator 8-Br-CAMP, but not by the PKC activator PMA. In high K + concentrations, 29 glucose uptake was blocked. Addition of glucose to the external solution induced an 30 inward current with a reversal potential of ~-15 mV, and was blocked by Cl -channel 31 blockers, indicating the current was carried by Cl -ions. The sugar-activated Cl
INTRODUCTION 43
Glucose uptake into the cells takes place through specific transporter proteins located 44 within the plasma membrane. These transporters belong to two families of integral 45 membrane proteins, the facilitative glucose transporter family GLUT/SLC2A (20, 27), 46 and the Na The previously described Na + buffer was modified in indicated experiments by 134 replacing 100 mM NaCl with 100 mM choline chloride (choline buffer) or 100 mM KCl 135 (K + buffer). The pH was varied between 7.5 and 6 by using Tris-HCl. 136
Inhibition by Cl -channel blockers and genistein 137
Inhibition of glucose uptake and glucose-induced currents by the GLUTs inhibitor 138 genistein (Sigma-Aldrich) or the Cl -channel blockers niflumic acid (NFA, Sigma-139 Aldrich), 5-nitro-2-(3-phenylprpyl-amino) benzoic acid (NPPB, Santa Cruz 140 Biotechnology) and diphenylanthranic acid (DPC, Santa Cruz Biotechnology), was7 measured by adding these compounds to the Na + buffer solution in the presence of 142 glucose. The concentrations used were: 100-200 µM genistein, 100 µM NFA, 100 µM 143 NPPB, 1 mM DPC. 144
Effect of PKA and PKC activators 145
To analyze the effect of protein kinases, oocytes were incubated with 0.1 mM of the 146 PKA activator 8-bromo adenosine 3´,5´-cyclic monophosphate (8-br-cAMP) (Sigma-147 Aldrich) or 0.1 µM of the PKC activator Phorbol-12-myristate-13-acetate (PMA) (Santa 148
Cruz Biotechnology) for 30 and 15 min respectively (12, 17). Then, uptake of glucose 149 or glucose-induced currents were determined and compared with control conditions. 150
Statistical Analysis 151
The results are expressed as mean values ± SE. Differences between groups were 152 analyzed by unpaired Student's test or Mann-Whitney U-test, depending to the result of 153 the test of normal distribution of the data; significance was set at p<0.05. 154
RESULTS

155
I. Facilitative sugar transport by GLUT12 156
Sugar selectivity 157
We first examined the sugar selectivity of GLUT12 by measuring the uptake of a series 158 of radio-labeled hexoses (20 mM). As shown in Fig. 1A , 14 C-glucose and 14 C-α-methyl-159 glucopyranoside uptake was ~2-fold higher in oocytes injected with GLUT12-cRNA 160 compared to non-injected oocytes, whereas uptake of radio-labeled galactose, fructose, 161 and 2-DOG was slightly higher. In Fig. 1B , the mean GLUT12-sugar uptake rate 162 (normalized to the glucose uptake rate) was determined from 3 independent experiments 163 in which the background transport rate for non-injected oocytes was subtracted. Sugar 164 selectivity of GLUT12 was: glucose ≥ α-MG> 2-DOG >fructose = galactose. These 165 results demonstrated for the first time that α-MG, a characterizing substrate for the 166 substrate, is transported by GLUT12. 168
Effect of Na + and H +
169
We have found in preliminary studies that GLUT12 glucose transport rate is increased 170 in the presence of Na + (29). In MDCK cells over-expressing GLUT12, proton-coupled 171 active glucose transport has been reported (48). Furthermore, in some Na + -coupled 172 transporters, such as the SGLT family, protons (H + ) can substitute for Na + in driving 173 sugar transport (49). We therefore investigated the role of Na + and H + in sugar transport 174 by GLUT12. Fig. 2A shows a representative experiment, in the presence of external Na + 175 at pH 7.5, glucose uptake was 2-fold higher for GLUT12-expressing oocytes than non-176 injected controls. The mean of 5 independent experiments (normalized to glucose 177 uptake at pH 7.5) is shown in Fig. 2B . At pH 7.5, glucose uptake in the absence of Na + 178 decreased by ~45 %, but acidification of the medium (pH 6) in the absence of Na + did 179 not further modify uptake (~55 % inhibition), indicating that H + were not involved in 180 glucose transport in the absence of Na + . Interestingly, in Na + buffer, decrease of pH 181 diminished the uptake by ~60 %, indicating that protons, under certain conditions, also 182 interact with GLUT12. Higher glucose uptake in the presence of Na + suggested that 183 GLUT12 activity could be coupled to the Na + entry. To test this hypothesis, we studied 184 the uptake of 22 Na + . As shown in Fig. 2C , in the absence of glucose, Na + uptake in 185 GLUT12-expressing oocytes was higher (40 %) than in non-injected oocytes. This 186 indicated that there was a Na + leak (or Na + uniport) mediated by GLUT12 (see also Fig.  187 5 below). When glucose was present in the external solution, Na + uptake was ~30 % 188 higher than in the absence of glucose, although the difference between both conditions 189 was not statistically significant (Fig. 2D) . As controls, and to rule out a possible 190 unspecific effect of Na + in GLUT12-mediated glucose transport, we measured the 191 uptake of glucose in the presence and the absence of Na + by GLUT1. Uptake of 20 mM 192 glucose, saturating concentration for GLUT1 (3), was the same in the presence and in 193 the absence of Na + (data not shown), confirming that co-transport of Na + and glucose 194 was a specific property of GLUT12. 195
Inhibition by genistein 196
Genistein is a competitive inhibitor of glucose transport by GLUT1, with a K i of 12 μM 197 (41), and acts as a direct inhibitor of insulin-induced glucose uptake by GLUT4 in 3T3-198 L1 adipocytes, with a K i of 20 μM (5). We examined the effect of genistein on glucose 199 uptake by GLUT12. As shown in Fig. 3A , 100 μM genistein inhibited glucose uptake 200 almost completely. 201
Voltage dependence 202
We examined the dependence of GLUT12 on membrane potential by bathing the 203
, where the membrane potential is depolarized to 204 a low value (eg. -4 mV, Fig. 10B ). Fig. 3B shows that in K + buffer, glucose uptake by 205 GLUT12 was almost completely inhibited, indicating glucose-uptake by GLUT12 is 206 voltage dependent. To rule out the possibility of an unspecific effect of K + , we 207 measured the uptake of glucose by GLUT1 in the presence of K + buffer, and found that 208 it was not significantly modified (Fig. 3C) . 209
Effect of PKA and PKC activators 210
It has been described that GLUT12 possesses internalization di-leucine motifs at the N-211 and C-terminal ends of the protein, which retains this transporter into intracellular 212 compartments in the absence of stimulus (32, 34, 47). In agreement with this, GLUT12 213 has been described to localize in the plasma membrane and in the perinuclear region of 214 MCF-7 cells (34). On the other hand, it has been demonstrated in X. laevis oocytes, that 215 the expression at the plasma membrane of several membrane transporters is increased 216 by PKA or PKC activation (17, 23). Therefore, we decided to study the effect of the 217 protein kinase activators 8-Br-cAMP and PMA in the regulation of GLUT12 functional 218 expression. Fig. 3D shows glucose uptake in control (untreated) oocytes and in oocytes 219 pre-incubated with 8-Br-cAMP (PKA activator) or PMA (PKC activator). Treatment 220 with 8-Br-cAMP (30 min) increased glucose-uptake by ~50 %; in contrast, treatment 221 with PMA (15 min) did not modify glucose uptake. These results indicated that 222 GLUT12 could be regulated by PKA. 223
II. Electrophysiological properties of GLUT12 224
Sugar-activated currents 225
To compare GLUT12 with the electrogenic SGLT family, which couples glucose and 226
Na
+ transport, electrophysiological measurements were performed to detect currents 227 that might be associated with sugar transport through GLUT12 (29). Figure 4A shows a 228 continuous current record from a GLUT12-expressing oocyte bathed in Na + buffer. The 229 oocyte membrane potential was clamped at -50 mV. Addition of glucose to the external 230 solution induced an inward current. When glucose was washed out from the external 231 solution in choline buffer, and subsequently in Na + buffer, the holding current returned 232 to the original baseline. The amplitude of the inward current increased with increasing 233 glucose concentrations (1-100 mM) (~ 5, 10, 15, 25, 40 and 90 nA), but did not saturate 234 at the highest concentration tested. In contrast, GLUT12-mediated glucose uptake 235 saturated at a glucose concentration below 100 mM (data not shown). Glucose-induced 236 currents were not observed in non-injected oocytes (data not shown) (29), indicating 237 they were associated with GLUT12. 238
The sugar specificity of the currents induced by various sugars was studied. In contrast 239 to sugar uptake by GLUT12, where the rate of uptake depended on the sugar (Fig. 1B) , 240 the currents induced by glucose, galactose, fructose, α-MG and 2-DOG (100 mM) were11 of similar magnitude (80-110 nA) (Fig. 4B) Experiments were performed to determine the effect of Na + on the currents evoked by 245 glucose through GLUT12. We found there was a Na + leak current mediated by 246 GLUT12, which is shown in the experiment of Fig. 5 . A GLUT12-expressing oocyte 247 was held at -50 mV, and bathed initially in choline buffer. Replacing choline with Na + 248 in the external solution induced an inward current of 35 nA, and addition of glucose 249 (100 mM) to the Na + buffer induced an inward current of 40 nA (Fig. 5A ). In non-250 injected control oocytes, the increase in current in switching from choline to Na + buffers 251 was much smaller, and addition of glucose to Na + buffer did not induce an inward 252 current (Fig. 5B ). The current difference for non-injected oocytes was 20% of that of 253 the GLUT12-expressing oocytes (Fig. 5C ). The current difference (switching from 254 choline to Na + buffers) between GLUT12-and non-injected oocytes is the Na + leak 255 through GLUT12. This is consistent with the increase in 22 Na + uptake in GLUT12 256 compared to non-injected oocytes (Fig. 2C) . 257 Fig. 6A shows the addition of 100 mM glucose to Na + buffer induced a current of ~120 258 nA. In choline buffer, 100 mM glucose induced a current of ~80 nA. Similar to the 259 uptake experiments ( Fig. 2A and B) , the presence of H + in choline buffer did not modify 260 the magnitude of the current (Fig. 6B) , indicating that H + were not involved in the 261 generation of the glucose-induced currents under this condition. Currents induced by 262 glucose in the presence of Na + were 25 % higher than in its absence, demonstrating a 263 contribution of Na + to the glucose-evoked currents. On the other hand, sugar-activated 264 currents observed in the absence of Na + indicated that Na + is not essential for induction 265 of the inward current by GLUT12. 266
To identify the current evoked by glucose through GLUT12, we recorded the changes in 267 membrane potential (V m ) in response to sugar. In a GLUT12-expressing oocyte bathed 268 in Na + buffer, addition of 100 mM glucose to the bath solution depolarized V m from -32 269 to -21 mV (Fig. 7A) . After sugar exposure, the bath solution was replaced with choline 270 buffer, resulting in a hyperpolarization of V m from -21 to -48 mV. When Na + was 271 restored in the bath solution, V m returned to -32 mV. To confirm the depolarization 272 induced by glucose was mediated by GLUT12, we repeated the experiment on control 273 non-injected oocytes from the same batch. There was no specific effect of glucose on 274 the V m on these oocytes (Fig. 7B ). The experiment also confirmed that there was no 275 endogenous expression of SGLT in the non-injected oocytes. 276
Glucose-induced depolarization in GLUT12-expressing oocytes was variable, but never 277 reached values more positive than -15 mV. According to the X. laevis oocytes 278 intracellular ionic concentrations (45), and the extracellular concentration of ions in the 279 Na + buffer, the theoretical reversal potentials calculated for Na + , K + and Cl -were +57 280 mV, -100 mV and -16 mV respectively. Since the depolarization induced by glucose 281 was near -15 mV, we hypothesized the currents were carried by Cl -ions. 282
Effect of chloride channel inhibitors 283
To confirm our hypothesis of a Cl -conductance through GLUT12, we tested some Cl -284 channel inhibitors, widely described as blockers of Cl -channels in X. laevis oocytes 285 (45, 46), on glucose-induced currents through GLUT12. Fig. 8A shows that in a 286 GLUT12-expressing oocyte the addition of 100 mM glucose induced a current of ~80 287 nA, which was completely inhibited by the addition of 100 μM NFA ( Fig. 8A and D) . 288
Similar results were obtained with NPPB (100 μM) ( Fig. 8B and D) , while DPC (at 1 289 mM) did not significantly inhibit the glucose-induced currents ( Fig. 8C and D) . Thus 290 the pharmacology supports the view that the glucose-induced currents mediated by 291 GLUT12 were carried by Cl -ions. 292
To probe the link between the Cl -channel activated by glucose and sugar transport by 293 GLUT12, we investigated the effect of NFA on GLUT12 glucose uptake. Fig. 8E shows 294 that NFA had no effect on glucose uptake, but the compound completely blocked the Cl -295 current induced by glucose (Fig. 8A) . 296
Effect of genistein 297
We have shown that genistein is an inhibitor of GLUT12 sugar uptake (Fig. 3A) . In 298 contrast, the current induced by 100 mM glucose (~60 nA) was unaffected by genistein 299 (Fig. 9) . 300 beyond (more positive than) the reversal potential for Cl -, we anticipate that activation 307 of a Cl -current by glucose would result in an outward current or Cl -influx into the cell, 308
Voltage dependence 301
and hyperpolarize the membrane potential to the reversal potential for Cl -(~ -16 mV). 309
The absence of glucose-induced hyperpolarization (in K + buffer) suggested the 310 GLUT12 glucose-induced Cl -currents were voltage-dependent, and appeared to be 311 inactivated at low membrane potential. 312
Mechanism of Cl -channel activation 313
As described above, the Cl -currents activated by different sugars depended more on the 314 concentration than on the nature of the sugar. We examined the effect of sorbitol and14 mannitol, sugars that are not transported by GLUTs. Sorbitol ( Fig. 11 ) and mannitol 316 (data not shown) induced currents through GLUT12 with similar magnitudes and time 317 course to those of glucose. The effects of sorbitol and mannitol were not observed in 318 non-injected oocytes. These results indicated that the GLUT-mediated currents might be 319 activated by an osmotic mechanism associated with the transporter. 320
Effect of PKA and PKC activators 321
We examined the effect of PKA and PKA activators on the glucose-induced currents. 322
Treatment with 8-Br-cAMP increased the glucose-induced currents by ~50 % (Fig. 12A  323 and C); however, treatment with PMA did not modify the currents (Fig. 12B and C) . 324
These results are similar to the effect of PKA and PKC on glucose-uptake by GLUT12 325 (Fig. 3D) . 326 DISCUSSION 327
Substrate selectivity. 328
From the direct uptake of radiolabeled sugars, we have determined the selectivity of 329 studies of 2-DOG uptake (31). Furthermore, we show that α-MG, a substrate 332 characteristic of the SGLT family, is also transported by GLUT12, and genistein, a 333 common inhibitor of sugar transport by the GLUTs, also inhibits GLUT12 glucose 334
transport. 335
Until now, 14 different GLUT isoforms have been identified and divided into three 336 different classes, based on sequence homology. Class I contains GLUT1, GLUT2, 337 GLUT3, GLUT4 and GLUT14 (gene duplication of GLUT3); Class II comprises the 338 fructose transporter GLUT5, GLUT7, the urate transporter GLUT9 and GLUT11; and 339 class III includes GLUT6, GLUT8, GLUT10, GLUT12 and GLUT13 (3, 29). Fructoseis a common substrate for the Class II of GLUTs (3), and the transport of the sugar has 341 been related to the lack of the QLS motif in the helix 7 of the structure of GLUT 342 transporters. The lack of the QLS motif in GLUT12 is consistent with its ability to 343 transport fructose. However, unlike the Class II transporters, GLUT12 transports 2-344 DOG and galactose, typical substrates of Class I (27). Overall, GLUT12 transports all 345 the hexoses that are substrates of the GLUT family (29); it also transports α-MG, which 346 until now had not been reported to be a GLUT substrate (8). Moreover, α-MG appears 347
to be as good substrate as glucose. Thus GLUT12 seems to be less restrictive among the 348 members of the GLUT family. The use of Na + or H + gradients has been described for human transporters such as 367 SGLT1 (16), CNT3 (15), and the EAATs (21). For GLUT12, the inhibition of glucose 368 uptake observed in the presence of both Na + and H + could be the result of competition 369 of both ions for a common binding site, which would alter the conformation and 370 function of the transporter; nevertheless, further experiments are needed to address this 371 question. In this regard, the nucleoside transporter hCNT3 presents different substrate 372 affinity and maximal transports rate depending on whether Na + , H + or both cations are 373 coupled to the substrate during the transport (35). Likewise, glutamate uptake through 374 EAAT4, which involves the transport of both Na + and H + , is inhibited by low pH 375 through the decrease of the apparent affinity for Na + (6). 376
Effect of K +
377
At high external K + concentrations, the cell resting membrane potential is depolarized to 378 a low value. Voltage-dependence has been described for different Na It has been demonstrated that glutamate transport through the EAAT transporters is 387 driven by the co-transport of Na + and counter-transport a K + ion, which relocates the 388 transporter into the outward facing conformation (4, 22). However, as high 389 extracellular K + was not able to inhibit glucose-induced currents through GLUT12 390 under voltage-clamp conditions, it seems unlikely that K + counter-transport is involved 391 in GLUT12 transport mechanism. uptake levels in response to PKC or insulin in isolated rat adipocytes showed that, even 405 though PKC activation increased glucose transport, insulin-mediated glucose transport 406 was still higher (43), indicating the activity of another glucose transporter, probably 407 GLUT12, which would be activated by another pathway. As GLUT4 and GLUT12 are 408 differently regulated by PKA and PKC, it would make sense that each transporter could 409 counter balance the lack of the other, depending on the physiological situation, as it has 410 been proposed (29) . 411
The glucose-activated current 412
The reversal potential of the glucose-activated inward current approaches the theoretical 413
Nernst potential for Cl -, indicating the current is predominantly carried by Cl -ions 414 exiting the cell. Blockade of the glucose-induced current by Cl -channel blockers NFA 415 and NPPB is consistent with this interpretation. However, Na + may also contribute to 416 the glucose-activated current since the current is increased in the presence of Na + (Fig.  417   6A) . Several findings indicate the sugar-activated Cl -current and GLUT12 sugar 418 transport are uncoupled: 1) glucose-uptake saturated, but the glucose-induced Cl -419 current did not saturate with increasing sugar concentrations (Fig. 4A) ; 2) sugar-uptake 420 showed a sugar specificity, while the currents induced by different sugars at the same 421 concentration were similar (Fig. 1B and 4B) ; 3) genistein inhibited sugar uptake but not 422 the sugar-induced current ( Fig. 3 and 9) ; and 4) the chloride channel inhibitor NFA 423 completely block the glucose-induced current, in contrast, NFA did not block glucose-424 uptake ( Fig. 8D and E) . 425
The magnitude of the sugar-activated current depended on the sugar concentration and 426 not on the nature of the sugar. Mannitol and sorbitol, which are not transported by 427 GLUT12, also activated the Cl -current, indicating the sugar-activated current might be 428 induced by osmotic pressure. Interestingly, GLUT1 has also shown to be influenced by 429 osmotic pressure, since their mRNA and protein levels, and plasma membrane location 430 are increased by high external mannitol concentrations (18). It has been found that on 431 
channels (46). 449
Therefore, the sugar-activated Cl -current is likely due to the GLUT12 transporter. 450
Ligand-gated Cl -conductance through co-transporters has been previously 451 demonstrated in X. laevis oocytes for the human amino acid transporters EAAT1-5 (2, 452 13, 44), ASCT1-2 (9, 51) and NaPi-1 (10), and the trout band 3 anion exchanger (14). 453
GLUT12 behavior resembles that of an hSGLT1 mutant in which neutralization of 454
Asp204 (D204C and D204N) results in a H
+ channel activated by glucose that allows 455 proton independent glucose transport, which is increased in the presence of either Na 
Physiological relevance 458
In summary, GLUT12 is a versatile transporter: it transports a wide diversity of 459 hexoses, it can work as a Na + or H + /glucose symporter (48), and shows electrogenic 460 properties (29). In addition, it can be translocated to the plasma membrane by a wide 461 variety of stimulus such as nutrients availability through the mTOR pathway (47), 462 growth factors and estradiol (26), insulin under the activation of PI3K pathway (37) and 463 
